Australia is a world leader in household uptake of solar photovoltaic systems. In this paper we use household-level data to identify economic, social, and environmental factors that influence actual uptake and the intention to install. We find that higher net wealth is generally associated with higher likelihood to install. Households that have mortgages, that spend more on electricity, and that pay higher average electricity prices are more likely to intend to install. Environmental preferences and related behaviours, property tenure, and space constraints are associated with both actual uptake and intention to install.
Introduction
At a global scale, net capacity additions of solar photovoltaic (PV) energy in 2017 exceeded net capacity additions of coal, natural gas, and nuclear power combined (REN21 2018). Rooftop solar helps households to substantially reduce their electricity bills, while also helping to avoid emissions from fossil fuel electricity generation. Uptake rates are increasing both in Australia and overseas. These features motivate study of factors affecting household rooftop solar uptake and intentions concerning future uptake.
Australia's rate of household solar PV uptake is among the highest in the world, with more than 20% of Australian households having rooftop solar PV panels in 2018 (OECD 2016; Australian PV Institute 2018) . The speed of this uptake is evident in Figure 1 , with smallscale solar capacity (systems of 6.5 kilowatts and below) increasing from close to zero in 2010 to over five gigawatts in 2018, which is equivalent to around two large coal power plants. These installations accounted for 68% of Australia's total solar PV capacity as of March 2018 (Australian PV Institute 2018) . Most of this small-scale capacity has been installed by households. In this paper we seek to understand the economic, social, and environmental determinants of solar PV uptake across Australian households. We first focus on the impact of household net wealth. Despite the long history of analysis of wealth effects on total consumption (Cooper and Dynan 2016) , the impact of capital constraints on solar uptake has been relatively understudied. Prior studies have focused on house values as a measure of capital, often at the regional level (Kwan 2012; De Groote et al. 2016) . Kwan (2012) found a positive effect of median home value on solar PV uptake in the US, while De Groote et al. (2016) found mixed results using cadastral income as a proxy for home value in Belgium. Financial capital has also been revealed to be an important determinant of solar use at the national level (Best 2017; Best and Burke 2018) . A common challenge for incorporating wealth or capital variables is the availability of suitable household-level datasets.
In this paper we focus on the influence of household net wealth on household-level solar panel installations and intentions to install, which is a new contribution to the literature. The net wealth measure encompasses all household assets and liabilities. We use data from two nationally-representative household surveys, utilising samples of over 10,000 households. These samples are relatively large compared to previous studies (Balcombe et al. 2013) . Our use of household-level data complements prior studies that have used data aggregated to the postcode or regional level (Kwan 2012; De Groote et al. 2016) . Household-level data are advantageous, as the household is the decision-making unit of interest. Household data allow direct assessment of the impact of household factors, and avoid potential aggregation biases that may emerge when using postcode-or region-level data.
Another key contribution is that we use data about both actual solar uptake and households'
intention to install solar PV in the future. Using the intention data allows us to include explanatory variables that would be inappropriate for explaining actual uptake, such as household expenditure on electricity. Household electricity expenditure would be subject to reverse causality if included in a study of factors affecting actual solar installations, because solar systems reduce ongoing electricity bills. This issue does not apply for the intention to install.
Our study includes broad coverage of other factors that may affect solar PV uptake. Environmental preferences may matter, although studies for other countries have found mixed results (Woersdorfer and Kaus 2011; Briguglio and Formosa 2017; Dharshing 2017) . Households that adopt energy efficiency measures may also be more likely to install solar panels (Dato, 2018) . For instance, there could be a positive association between having home insulation or solar hot water systems and the intention to install solar PV. Larger houses that require more electricity, and larger households that consume more electricity may also be more likely to be adopters (De Groote et al. 2016; Sommerfeld et al. 2017a ). In addition, property rights and space factors are likely to influence solar installation choices (Ameli and Brandt 2015; Karakaya and Sriwannawit 2015; Briguglio and Formosa 2017) . There are also likely to be environmental effects, including greater solar PV adoption in climate zones that receive more solar irradiation, where more electricity can be generated for any given investment cost (Balta-Ozkan et al. 2015) .
We also consider more novel explanatory variables. These include debt preferences, as proxied by mortgages and the number of credit cards in each household. We also assess the possibility that prior experience with energy poverty affects solar panel installation intentions. Further, we explore the possibility that time constraints reduce solar uptake (Axsen et al. 2012 ), using both a direct survey question on time constraints as well as inferred time constraints based on the number of employed persons and dependent children in the household. We expect that reducing electricity bills is a primary motivator for installing rooftop solar PV, as suggested by survey results from Queensland (Sommerfeld et al. 2017b; Bondio et al. 2018) . We empirically test this expectation using nationally-representative surveys.
Our broad coverage of factors affecting variation across households adds to insights from other types of studies, such as analyses of temporal aspects of early adoption in innovation diffusion studies (Islam 2014; Graziano and Gillingham 2015) . In contrast to the diffusion of innovation literature -which tends to focus on adoption over time, and on product characteristics -our focus is on socio-economic and environmental determinants leading to cross-sectional variation across households.
Our analysis of solar uptake may be relevant for other technologies. For instance, our results could be useful for understanding likely factors affecting adoption rates of electric vehicles. The literature on electric vehicle adoption considers socio-economic factors, focusing on income as a measure of economic capability (Sierzchula et al. 2014; Hardman et al. 2016 )similar to the solar literature. Our findings are also of potential use for understanding future patterns in household solar PV adoption in other countries. Australia's position as a world leader in rooftop solar means it is highly relevant for other countries, which are likely to experience increased adoption of small-scale solar panels over time.
Method and data
We use the logit model in equation (1) to model uptake and intention to install solar panels:
The dependent variable is the log of the odds of uptake of solar PV panels. The odds are the probability (p) of solar uptake divided by its complement (1 ). We also use a similar dependent variable for households that intended to install solar panels within 12 months after the survey. We do not study factors affecting the size of installed systems. Standard errors use the observed information matrix for the variance-covariance matrix.
W is the net wealth of each household (h). Figure 2 shows the proportion of households with solar panels for each net-wealth quintile. The squared net wealth term in equation (1) is useful to assess if there are different marginal impacts of net wealth at the lower and upper ends of the distribution. It may be that rich households are less motivated by bill stress considerations, so the marginal effect of net wealth on solar uptake may decline as net wealth increases.
The V vector includes our other explanatory variables, which are defined in Appendix Table  A .1. Table 1 summarizes the data for each of the two household surveys. The proportion of households with solar panels increased from 10% in the 2012 survey to 17% in the 2015-16 survey, as shown in the first row of Table 1 . There were also increases in household net wealth and income. Table 1 also includes other variables such as preferences and behavioural tendencies. We use participation in a green power scheme as a measure of environmental preferences. Signing up to a green power scheme requires household action, indicative of "engaged greens" (Axsen et al. 2012) . We include region fixed effects in the V vector to control for unobserved regional heterogeneity. These include state fixed effects to account for differing average electricity prices and feed-in tariffs across states. Figure 3 shows that Queensland (QLD) and South Australia (SA) have the highest small-scale solar uptake among Australian states and territories, including among the two smaller territories not shown. Figure 3 also shows that there are often larger proportions of households with solar panels in areas outside greater capital cities, although this is not the case in Western Australia (WA).
We also control for capital city and state-capital interaction variables. These interaction variables help to control for policy differences across regions 1 , as well as factors such as population density (Balta-Ozkan et al. 2015) , peer effects (Bollinger and Gillingham 2012) , and differences in installation costs. The mean of 0.1 for the variable NSW * GCC in Table 1 indicates that 10% of the 2012 survey was households in the greater capital city region (Sydney) within the state of New South Wales. . The number of observations in the results tables in Section 3 are slightly lower as observations are dropped when taking the log of a negative number, and we also drop households reporting private pension income greater than total income. In the 2012 survey, there were 125 households reporting non-positive values for income, 9 additional households with private pension income greater than total income, and 142 households with non-positive values for net wealth. In the 2015-16 survey, there were 122 households with non-positive values for income, 21 additional households with private pension income greater than total income, and 191 households with non-positive values for net wealth. There is one household with a value of 3 for the categorical variable of how often bills could not be paid; our results drop this observation. Electricity consumption is only available for 7,835 households who had their latest energy bill for reference and we calculate electricity consumption price as consumption-expenditure divided by consumption, excluding the top 2% of values that are above $0.59 per kilowatt hour as they seem to suggest inaccurate reporting of electricity expenditure and/or consumption for these households. The two household surveys that we use were conducted by the Australian Bureau of Statistics (ABS, 2013; . Both collected detailed information through computer-assisted interview questionnaires on household net wealth, income, energy use, and other characteristics. The first was the Household Energy Consumption (HEC) survey of 2012, which covered 11,978 households. The second, the Survey of Income and Housing (SIH) of 2015-16, is part of a series of similar surveys in previous periods. The 2015-16 survey, which covered 17,768 households, was the first SIH to ask about household solar PV. There is substantial overlap in the variables available from the two surveys.
Advantages of using the HEC survey include the potential to assess factors associated with early uptake (as of 2012) and the availability of additional energy-related questions, such as concerning the intention to install. Use of surveys at different points in time can increase confidence in the robustness of the results. Solar system costs fell by around 30% from the time of the first survey to the second (Solar Choice 2018), providing an interesting setting for assessing potentially differential effects.
The sample designs for each survey aimed for reliable coverage of Australia, each state, and each capital city. The 2015-16 survey response rate was 71% of dwellings that were contacted and that met the sampling criteria. Our main results do not use sampling weights. We find similar results using sampling weights, with weights using the inverse of the probability that a household will be selected for the survey by the ABS (2013; 2017)). There is no consensus on use of sampling weights, but unweighted analysis is more efficient (Platt and Harper 2013) . Table 2 shows results using the 2015-16 Survey of Income and Housing (SIH). Positive coefficients are obtained for log net wealth in explaining solar panel uptake. These are significant at the 1% level in each column. In contrast, there are negative and significant coefficients for the squared terms. The coefficients imply an inverse-U effect, with a turning point at $3.1 million of net wealth in column 1. This corresponds to the 96 th percentile of net wealth in the sample. 2 In column 2, the turning point is at the 93 rd percentile. Across all but the very high end of the distribution, there thus appears to be a positive marginal effect of net wealth on the likelihood of actual uptake.
Results

Actual uptake
Other dimensions related to wealth in column 1 of Table 2 also have significant coefficients. A variable for the proportion of income from private pensions (including superannuation) has a positive and significant effect on solar uptake, indicative of solar uptake being higher among self-funded retirees. This result holds when including a binary variable for respondents aged 60 and above. The binary 'long property tenure' variable in column 1, which takes a value of one for houses purchased more than 25 years ago, gives an indication of the effect of house age and length of tenure. The negative and significant coefficient for this variable reveals that being in a house for more than 25 years has a negative impact on the likelihood of solar panel uptake. In contrast to the wealth coefficients, it is notable that the income coefficients are insignificant.
Column 2 of Table 2 adds variables related to property rights and space. The negative coefficients for the binary variables for renters and apartment dwellers indicate that these types of households are less likely to have solar panels. The influence of both variables is likely related to property rights and transaction costs, as there are other owners who partly or fully control roof-spaces in these contexts. Apartments also have less roof space per household compared to separate or semi-detached houses. There is a positive and significant coefficient for the number of bedrooms, confirming that houses with more rooms and larger roof areas are more likely to have solar panels. This could reflect enhanced siting opportunities, and perhaps also greater incentive to reduce electricity costs for larger houses. Scale impacts are also evident in the coefficient for the number of people; households with more people face higher electricity bills, all else equal, and thus greater incentive for installing solar panels, as well as greater opportunity to spread the fixed cost of panel installation across more people. Column 3 of Table 2 controls for variables related to geography and jurisdiction. Variables for the state or territory of residence control for issues such as policy differences and differences in electricity prices, relative to the excluded reference region of the Australian Capital Territory. Relatively high uptake of solar panels in Queensland and South Australia, as shown in Figure 3 , is confirmed when controlling for state and other variables in column 3. Being a resident of Queensland increases the log odds of having solar PV by 1.2, while the log odds is higher by 1.4 for residents of South Australia. By exponentiating the coefficients, logit results can also be expressed as ratios of the odds. This implies that the odds of household solar PV uptake for South Australian households are 4-times higher than for residents of the excluded region, all else equal. The greater capital city binary variable is not significant, but interaction terms between three major Australian states and the greater capital city variable are negative and significant. These coefficients indicate that solar uptake is lower in large Australian cities, where population density is higher. This is particularly so for Sydney and Melbourne. Column 4 of Table 2 includes variables representing time constraints and debt preferences. There are negative coefficients for the number of employed persons and the number of dependent children in a household in explaining solar panel uptake, all else equal. A binary variable for households with a mortgage is not significant, but the number of credit cards possessed by a household is positively related to solar uptake. This suggests that debt preferences may be related to solar uptake. The coefficients for log net wealth in column 4 are similar to the corresponding coefficients in columns 2-3; they are not highly sensitive to the inclusion of the extra variables.
Column 5 excludes the quadratic term. We find a positive coefficient for log net wealth and an insignificant coefficient for log income. For a 1% increase in net wealth, the odds of solar panel uptake increase by 0.2% on average. Table 3 shows results based on the 2012 Household Energy Consumption (HEC) survey. As indicated by Figure 1 , solar capacity grew substantially between 2012 and 2015-16, and there were major reductions in the cost of solar installations over this time.
Log net wealth again has a positive and significant effect on solar PV uptake in column 1 of Table 3 , with a 1% increase in net wealth being associated with a 0.25% increase in the odds of solar PV uptake. This is similar to the outcome in Table 2 . The private pension variable is again positive and significant, with larger coefficients for the 2012 sample compared to the 2015-16 sample in Table 2 . The group of older and wealthy self-funded retirees appear to have been more likely to install solar panels early on.
The variables for renters, apartment-dwellers, the number of bedrooms, and the number of people in each household have similar coefficients in column 1 of Table 3 as in column 5 of Table 2 . Renting has a larger impact for the 2012 sample in Table 3 , while the effects of the other three variables were more pronounced in Table 2 . These results emphasize that living in apartments or being a renter introduces fundamental constraints to solar uptake, while larger houses and having more people in the household exert positive influences. The odds of solar uptake were over 7-times lower for households that rented in 2012 compared to households who own their residence outright (the excluded category), based on the inverse after exponentiating the coefficient of -2. Other aspects related to time constraints and debt preferences appear to be of less importance, based on insignificant coefficients in Table 3 . Table 3 also reveals a positive and significant relationship between participating in a green power scheme and uptake of solar panels: the odds of solar uptake were 1.4-times higher for households that participated in the green power scheme compared to those that did not, all else equal. This suggests that environmental preferences have been a motivation for early adoption of solar panels, as expected. This variable is not available in the later SIH survey. Table 3 , there are negative and significant coefficients for the two oldest categories of house age: 20-30 years, and 30 years and over. This confirms that owners of older houses are less likely to install solar panels. New houses may have panels installed on them during construction, and older houses may be less suitable for solar panels for reasons such as lower-quality roof materials, inferior electrical wiring, and the chance of heritage listing. Installing solar panels may also damage old roofs or involve additional capital outlay to repair or replace roofs. Heritage-listed houses are often not allowed to install solar panels.
The 'long property tenure' variable -for residences that were purchased more than 25 years prior to the survey -loses significance in column 3 of Table 3 when the categorical age of dwelling variable is added. This suggests that the main effect of this variable is through age rather than continuity of tenure. The categorical climate zone variables are mostly insignificant in column 4. The final category, for the cool temperate and alpine zones, does have a negative and significant coefficient in explaining solar uptake, at the 5% level.
The key results are confirmed in robustness tests with additional variables. Inclusion of a squared log net wealth variable does not have a material impact on the other key coefficients in Table 3 (with the exception of the log net wealth variable itself). We obtain similar results when controlling for the log average electricity consumption price paid by each household. A binary variable for whether the survey respondent was aged 60 years or more is not significant, and its inclusion has immaterial effects on other coefficients. Using binary variables for wealth quintiles produces negative and significant effects for the lowest three quintiles, but not the fourth, relative to the excluded fifth quintile. This suggests that capital constraints may exist for the bottom 60% of the population by net wealth. A similar result is obtained using the 2015-16 survey. There are also positive and significant coefficients for log net wealth excluding housing. Results are also similar when controlling for a three-way interaction of state, capital city status, and climate zone. This helps to capture regional heterogeneity within cities. 3 We also produce robustness tests using alternative standard error methodologies and estimation models. Standard errors using four different methods of calculation produce negligible differences. We also include results using a probit model, as well as a linear probability model that uses heteroskedasticity-robust standard errors. These models provide similar outcomes to our logit model. Table 4 explores factors influencing the intention to install solar panels on one's current dwelling within the next 12 months. We exclude households that already had solar panels at the time of the survey, and also renters because the survey did not ask renters about their solar intentions. 4 The negative influence of living in an apartment on solar installation intentions is consistent with the results in previous tables for actual uptake. Many of the other coefficients are no longer statistically significant. The insignificance of capital constraints in Table 4 (cf. Tables 2 and 3) is a possible indication of hypothetical response bias. Table 4 differ to the results for actual uptake. The 'long property tenure' variable is negative and significant, even when controlling for an age-of-house categorical variable (not shown). This suggests that continuity of tenure may influence solar intentions: occupants of households may become comfortable and less likely to intend to make changes after many decades of tenure.
Intention to install
Some of the results in
The binary variable for households with mortgages is positive and significant at the 1% level in column 1 of Table 4 . This may be explained by factors such as greater potential for bill stress. The result could also reflect the role of debt preferences, similar to the positive relationship for the number of credit cards in Table 2 .
The positive and significant coefficients in Table 4 indicate that households with more employed persons are more likely to intend to install solar panels. Corresponding coefficients explaining actual uptake are negative (Table 2 ). It seems that busy employed people may have less time to organise solar installation.
The forward-looking nature of the dependent variable in Table 4 allows for inclusion of additional explanatory variables, some of which would be subject to the risk of reverse causation if solar installations were the dependent variable. There are positive coefficients for log electricity expenditure, significant at the 1% level, in explaining the intention to install solar panels in the subsequent 12 months. This suggests that avoiding bill stress is a major motivating force for intending to install solar panels. We separately consider consumption and price in column 5, finding that higher electricity prices also drive intentions to install solar panels.
Column 3 of Table 4 includes two additional variables that represent prior energy-related behaviour. There are positive coefficients for binary variables for insulation and solar hot water systems in explaining solar PV intentions, but only the solar hot water variable is significant. There is some evidence that households that have made capital additions related to energy are thereafter more likely to intend to add further capital additions such as solar PV.
Column 4 of Table 4 considers the influence of energy poverty on solar intentions. Households that could not pay their bills (including their electricity bill) are more likely to intend to install solar panels, all else equal. There is significance at the 10% level for households who could not pay their bills often, but this is not the case for households who could sometimes not pay their bills. There is a negative coefficient for a binary variable for households that say that they restrict heating and cooling because they cannot afford the extra costs, although this is not significant at the 10% level. These variables are more appropriate for analysing solar intentions than actual installations, since already having solar panels may influence energy poverty outcomes. 
Conclusion and policy implications
This paper explored factors influencing household uptake of rooftop solar PV in Australia. In 2015-16 there was an inverse-U effect of log net wealth, with a positive marginal effect of net wealth on solar uptake until very high net wealth levels. There is a positive relationship between the proportion of income from private pensions (including superannuation) and solar uptake, even when controlling for age. Larger houses and households are more likely to install solar panels. Use of green power is a useful predictor of whether households install solar. Key constraints for solar uptake include living in apartments and renting. Households in older homes are less likely to install solar panels, all else equal. Log income was not found to have a significant average effect on actual installations, but there was some evidence of a positive effect on intended uptake.
Our results suggest that many households face capital constraints to installing solar panels. Policy options to address household capital constraints include government provision of capital subsidies or loans. There have been a small number of studies on the effectiveness of rebates to cover part of the upfront costs of solar panels, such as for California (Hughes and Podolefsky 2015) and the north-east of the United States (Crago and Chernyakhovskiy 2017 ). An argument against government-funded subsidies is that taxpayers pay for them through higher taxes, meaning there is an efficiency cost to the economy.
The means-testing of any subsidies/loans for household-level solar PV installations is worthy of consideration. Australia is top among OECD countries in the use of means-tested welfare payments, based on either income and/or assets (Australian Government 2017) . In the case of solar panels, our results suggest that means-testing based on net capital levels would be more relevant than means-testing based on income levels given that net wealth is a more important constraint than income. While our estimates provide useful information on the size of suitable thresholds, the exact calibration of means-tested thresholds depends on program objectives. Recent policy announcements in Australia have featured income-contingent subsidies (ACT Victorian Government, 2018) . 5
Developing the market for solar panel leasing is one way to facilitate uptake among resourceconstrained households and renters (Rai and Sigrin 2013) . Market solutions include approaches via which residential rooftop solar panels are owned by companies and the related net revenues are aggregated, packaged into financial securities, and sold to investors. This potentially provides a low-cost financing mechanism (Alafita and Pearce 2014). There is scope for further development of new business models for rooftop solar, with a particular focus on apartment blocks and renters.
Australia's position as a world-leader in household solar PV uptake means that the results in this paper are of international relevance, including for predictive purposes for uptake of solar PV in other contexts. The Australian solar PV experience could perhaps also be informative for predicting uptake of related technologies, such as household batteries and electric vehicles. 
Appendix
Number of credit cards
Number of credit cards in the household. Households with more than 4 credit cards are counted as having 4. Green power scheme, binary Value = 1 for households that are connected to accredited Green Power electricity scheme, 0 otherwise. Age of dwelling, categorical Estimated age of dwelling in categories: 1. Less than 5 years old; 2. 5 years to less than 10 years old; 3. 10 years to less than 20 years old; 4. 20 years old to less than 30 years old; 5. 30 years old or more; 6. Don't know. Climate zone, categorical Climate zone in categories: 1. Zone 1 (High humidity summer, warm winter); 2. Zone 2 (Warm humid summer, mild winter); 3. Zone 3/4 (Hot dry summer, cool or warm winter); 4. Zone 5 (Warm temperate); 5. Zone 6 (Mild temperate); 6. Zone 7/8 (Cool temperate/ Alpine). Electricity expenditure ($), weekly
Household weekly expenditure on electricity in dollars. Insulation, binary Value = 1 if household has insulation, 0 otherwise. Solar hot water system, binary Value = 1 for households that have solar hot water systems, 0 otherwise. How often could not pay bills, categorical
How often a household could not pay electricity, gas, or telephone bills on time in the last 12 months due to a shortage of money: 0. Not applicable; 1. Once or sometimes; 2. Often or always. Restrict heating/cooling to save cost, binary Value = 1 for households that chose to restrict heating/cooling because they could not afford extra costs in the last 12 months due to a shortage of money. Time constraints affecting energy use, binary Value = 1 if the main reason that a household is taking less than five actions to reduce energy use is due to time constraints/too much effort. Electricity consumption Current weekly household electricity use (kilowatt hours).
Electricity price
Electricity consumption price, calculated as the electricity usage charge divided by electricity consumption, excluding the top 2% of responses (those above $0.59 per KWh) that appeared to report inconsistent consumption and expenditure.
